Abstract. In this study two mathematical models (Model I and Model II), able to predict the nitrous oxide (N 2 O) and carbon dioxide (CO 2 ) emission from an University Cape Town (UCT) -membrane bioreactor (MBR) plant, have been compared. Model I considers the N 2 O production only during the denitrification. Model II takes into account the two ammonia-oxidizing bacteria (AOB) formation pathways for N 2 O. Both models were calibrated adopting real data. Results highlight that Model II had a better capability of reproducing the measured data especially in terms of N 2 O model outputs. Indeed, the average efficiency related to the N 2 O model outputs was equal to 0.3 and 0.38 for Model I and Model II respectively.
Introduction
During the last years, the attention on wastewater treatment plants (WWTPs) as sources of greenhouse gases (GHGs) (e.g., carbon dioxide, CO 2 , nitrous oxide, N 2 O, and methane, CH 4 ) has considerably increased. Among the GHGs produced by WWTPs, N 2 O is the most environmentally hazardous due to its strong global warming potential (GWP) (298 higher that CO 2 ) and its capacity to deplete the stratospheric ozone layer (IPCC 2007 ).
An accurate quantification and mitigation of N 2 O emissions is imperative for an environmental protection. With this regard, the adoption of mathematical models allows to select designing or operating choices aimed at reducing the total amount of GHG emissions from WWTPs.
Several efforts have been performed in literature for establishing the best tool to predict/quantify GHG (Mannina et al. 2016; Pocquet et al. 2016 ). However, the N 2 O estimation is still the major crucial aspect in GHG modelling since its formation mechanisms are still under review . Current knowledge on N 2 O emissions suggests that it can be produced both during nitrification and denitrification processes (Kampschreur et al. 2011) . Furthermore, autotrophic ammoniaoxidizing bacteria (AOB) can contributes to N 2 O production by means of two pathways: i. the nitrifier denitrification (ND) pathway, where N 2 O represents the terminal product of nitrite reduction (Law et al. 2012) ; ii. the incomplete hydroxylamine (NH 2 OH) oxidation (NN) pathway, where N 2 O is an intermediate product during the NH 2 OH oxidation . With this regard, literature suggests that mathematical models that include both AOB contribution pathways reproduce well the measured data (Peng et al. 2015) . However, this knowledge has been acquired on conventional activated sludge systems (CAS) often using short-term data (Ni et al. 2013b ). Very few studies have been performed for integrated membrane bioreactor (MBR) models where physical separation processes and biological processes affecting the membrane fouling (e.g., soluble microbial products -SMP -formation/degradation) have to be included jointly. Specifically, Mannina and Cosenza (2015) have proposed an integrated ASM2d-SMP-GHG model (Model I) able to predict the N 2 O and CO 2 emission from an University Cape Town (UCT) -MBR plant. Mannina and Cosenza (2015) consider the N 2 O production only during the denitrification according to the approach of Hiatt and Grady (2008) . A new integrated MBR model including the two AOB formation pathways for N 2 O has been recently proposed by Mannina and Cosenza (2017) (namely, ASM2d-SMP-GHG-2P-AOB) (Model II). The purpose of this study was to compare the two models (i.e., Model I and Model II) for GHG emissions from MBR.
Materials and Methods

Mathematical Models Description
Both Model I and Model II are divided in two sub-models (physical and biological). The physical sub-model describes the key processes occurring during membrane physical separation, including membrane fouling (involving 6 model factors and 2 state variables). Regarding, the biological sub-models they are based both on the ASM2d and they include the SMP formation/degradation processes (Jiang et al. 2008; Henze et al. 2000) . Furthermore, both models take into account CO 2 as state variable according to the continuity-based model interface as proposed by Vanrolleghem et al. (2005) . Despite the aforementioned similarities, the biological sub-models are deeply different. Indeed, Model I employs the Hiatt and Grady (2008) approach for N 2 O. Consequently, Model I considers the two-step nitrification process (involving AOB and nitrite oxidizing bacteria, NOB) and the four step denitrification process. Furthermore, the N 2 O is modelled as an intermediate product during the heterotrophic denitrification (see further details in Mannina and Cosenza 2015) . Conversely, Model II considers the N 2 O formation due both to heterotrophic and autotrophic biomass. In particular, regarding the autotrophic, Model II describes N 2 O formation during nitrification combining the two major AOB formation pathways, according to the approach presented by Pocquet et al. (2016) . In Model II, N 2 O formation during the heterotrophic denitrification is described as in Model I.
Finally, regarding the stripping of N 2 O and CO 2 gas both Model I and II employ an algorithm based on the diffusion coefficients (Mannina and Cosenza 2015) .
Model I involves 24 state variables and 109 model factors (stoichiometric, kinetic, fractionation and physical factors). While, Model II involves 25 state variables and 116 model factors.
Models Application and Calibration
Each model has been applied to a pilot plant with a UCT-MBR scheme treating 20 L h −1 of real wastewater. For the models calibration an innovative calibration protocol was employed (Mannina et al. 2011) . This innovative calibration protocol is based on a step wise calibration with respect to a group of model outputs. With this regard, model calibration has been carried out considering a long term monitoring data set. The selection of the model factors to be calibrated has been performed by applying the Standardized Regression Coefficient (SRC) method (Saltelli et al. 2004 ).
Criteria for Comparison
Both models were compared by calculating model efficiencies on the basis of measured and simulated data. Specifically, it has been calculated the efficiency of each model output (E i ) (exponential equation, E exp ) and the total model efficiency (E MOD ) (Mannina et al. 2011) . Four coefficients have been adopted to quantify the goodness of model response: E exp , the root mean squared error (RMSE), the Nash and Sutcliffe efficiency (N&S) (Nash and Sutcliffe 1970) and the determination coefficient, R 2 .
Results and Discussion
For sake of conciseness, only the results related to the N 2 O model outputs (both dissolved and off-gas concentration within each reactor of the UCT-MBR pilot plant) will be here presented and discussed. Figure 1a shows the results of the average, maximum and minimum efficiency (calculated adopting the exponential expression) obtained during the calibration process for the dissolved and off-gas N 2 O model outputs and for each model. Figure 1b shows the total model efficiency (E MOD ) and the average efficiency for both models in terms of N 2 O. A general improvement of the efficiency of the dissolved N 2 O model outputs for non-aerated reactors (anaerobic and anoxic) and MBR has been obtained for the Model II (Fig. 1a) . While, similar results were obtained in terms of Off-gas N 2 O model outputs (Fig. 1a) . Data of Fig. 1b confirm the general improvement of the calibrated Model II (respect to Model I) in terms of N 2 O model outputs. Indeed, the average model efficiency of the N 2 O model outputs increased from 0.3 (Model I) to 0.38 (Model II) (Fig. 1b) .
For sake of completeness in Fig. 2 the measured versus simulated data for both dissolved (Fig. 2a) and off-gas N 2 O (Fig. 2b) in each reactor of the pilot plant are shown. A slight overestimation of simulated data occurred for the two models, expecting some cases, both for dissolved and off-gas N 2 O. This result is likely debited to the discrete sampling. Continuous sampling would likely improve the results. 
Conclusions
Two integrated MBR models which include GHGs as state variables have been compared. The two models mainly differ for the description of N 2 O production processes: Model I considers the N 2 O production only during denitrification; Model II, more detailed than Model I, considers the contribution of autotrophic biomass during N 2 O production considering both the ND and NN pathway. Model results showed a better capability of Model II in reproducing the measured data.
